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Λ He reaction at the Thomas Jefferson National Accelerator Facility Hall C. The Λ-binding energy of the ground state (1/2 + ) was determined with a smaller error than that of the previous measurement, being BΛ = 5.55 ± 0.10 stat. ± 0.11 sys. MeV. The experiment also provided new insight into charge symmetry breaking in p-shell hypernuclear systems. Finally, a peak at BΛ = 3.65 ± 0.20 stat. ± 0.11 sys. MeV was observed and assigned as a mixture of 3/2 + and 5/2 + states, confirming the "gluelike" behavior of Λ, which makes an unstable state in 6 He stable against neutron emission.
Nuclear physicists explore the low energy behavior of the strongly interacting many-body systems, extracting an effective potential which can be used for nuclear structure and interaction calculations. Effective potential techniques can also be applied to hypernuclear systems, as the lifetime of a hyperon in a nucleus is much greater than the relaxation time associated with strong interactions. On the other hand, the two-body potentials for the hyperon-nucleon interaction, Y N , are not determined as well as those for N N , due to the experimental difficulties of producing and detecting hyperons in free scattering experiments. However, embedding a hyperon within the nuclear medium (hypernucleus) does allow extraction of effective potentials from detailed measurements of hypernuclear energy levels and transitions.
Although many species of Λ hypernuclei with masses A ≤ 209 have been observed [1, 2] , more systematic and precise data are still needed for further insight into the ΛN interaction. Nowadays, experimental studies of Λ hypernuclei use: (1) hadron beams at the Japan Proton Accelerator Research Complex (J-PARC) [3, 4] , (2) heavy ion beams at GSI [5] [6] [7] , (3) heavy-ion colliders at the Brookhaven National Laboratory Relativistic Heavy Ion Collider [8] and the CERN Large Hadron Collider [9] , and (4) electron beams at the Mainz Microtron [10, 11] and the Thomas Jefferson National Accelerator Facility (JLab) [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . The different production mechanisms are complementary and allow us to use their specific sensitivities to excite particular structures which highlight nuclear features of interest.
One such feature of interest is charge symmetry breaking (CSB) in Λ hypernuclei. The difference in groundstate binding energies in the A = 3 nonstrange nuclei ( 3 He and 3 H) is 0.7638 ± 0.0003 MeV [22] . There remains a binding-energy difference of 0.081 MeV after accounting for the 0.683 MeV Coulomb correction [23] . In s-shell hypernuclei, a large CSB ∆B Λ ( + ) calculation, the binding-energy difference of the above hypernuclear isospin doublet is due, in part, to differences in the Coulomb energy caused by contraction of the nucleus as a result of the additional Λ binding. The Coulomb-energy correction was predicted as ∆B C = 0.02-0.08 MeV [25] [26] [27] , and thus ∆B Λ (
MeV is attributed to the ΛN CSB for the 0 + state in the A = 4 iso-doublet hypernuclear system. This difference in the binding energy is approximately five times larger than for A = 3 nonstrange nuclei. A recent γ-ray measurement indicates that little binding energy difference exists between the (1 + ) exited states [4] although it was believed that the 1 + excited states had as large CSBs as the ground states [28] [29] [30] . These residual differences are difficult to explain by Coulomb energy alone. A detailed discussion of hypernuclear CSB [31] [32] [33] in addition to other topics of interest have been recently published [34] .
CSB in p-shell hypernuclear systems is predicted to be smaller than in s-shell systems [31] . Hence, differences in Λ binding energies between p-shell mirror hypernuclei are predicted to be less than a few 100 keV [31] He. CSB in hypernuclear p-shell systems can be studied by comparing the Λ binding energies for A = 7, isotriplet (T = 1) Λ hypernuclei, which are the simplest p-shell hypernuclear systems, Λ Be were measured to be 5.58 ± 0.03 MeV and 5.16±0.08 MeV, respectively, by the emulsion experiments [36] . The binding energy of 7 Λ Li * (T = 1) is obtained as 5.26±0.03 MeV by using information of the energy spacing of E x ( 7 Λ Li * ; T = 1, 1/2 + ) = 3.88 MeV measured by the γ-ray spectroscopy [37] and the excitation energy of E x ( 6 Li * ; T = 1) = 3.56 MeV [38] . The ground state (1/2 + ) Λ-binding energy of 7 Λ He using the (e, e ′ K + ) reaction at JLab Hall C (JLab E01-011) was successfully determined to be B Λ = 5.68±0.03
stat. ±0.25 sys. MeV [18] . As a result, the measured energies of A = 7, T = 1 hypernuclei differ from a cluster model prediction which used a phenomenological ΛN CSB potential which was constructed to reproduce the energies of The core nucleus,
He is known as a typical neutron-halo nucleus. The first excited-state energy of 6 He (2 + ) was measured to be 0.824 MeV above the α + n + n breakup threshold, having a decay width of Γ = 0.113 MeV [38] . The corresponding states of
in which Λ resides in the s orbit are predicted to be stable against neutron-emission breakup [39] [40] [41] due to the attractive ΛN interaction. In addition, the existence of isomeric states in 7 Λ He [42] [43] [44] was speculated from widely scattered binding energy obtained by the emulsion experiment, although it had not been confirmed yet experimentally. The production cross section for a sum of these states (3/2 + , 5/2 + ) with the (γ, K + ) reaction at the small K + scattering angle was predicted to be ≈ 60% of that for the ground state (1/2 + ) [40] . Although a small structure was observed in the spectrum which might correspond to the 3/2 + and 5/2 + states, a lack of statistics prevented confirmation of the observation of these states in the previous measurement [18] . The present experiment acquired five times higher statistics and can now confirm observation of these states and thus the "gluelike" behavior of Λ. This paper reports the observation of the ground state (1/2 + ), and for the first time, the observation of the 3/2 + and 5/2 + states. The (e, e ′ K + ) reaction was used for Λ hypernuclear production. Electroproduction is related to photoproduction through a virtual photon produced in the (e, e ′ ) reaction [45] [46] [47] . In the geometry for JLab E05-115, the virtual photon can be treated as almost real since the square of the four-momentum transfer
. The experimental kinematics can be found in Ref. [19] . We used a continuous wave electron beam with an energy of E e = 2.344 GeV, provided by the Continuous Electron Beam Accelerator Facility at JLab. The electron beam was transported to the experimental target which was installed at the entrance of a charge sepa-
200 GeV/c) and scattered electrons (p center e ′ = 0.844 GeV/c) were bent in opposite directions by the SPL and were analyzed with a high-resolution kaon spectrometer (HKS) [48, 49] and a high-resolution electron spectrometer (HES), respectively. Details for the experimental setup are described in Refs. [19, 21, 48] . One important feature of the present experiment is the excellent resolution of ∆p/p ≃ 2 × 10 −4 (FWHM) for both K + and e ′ at approximately 1 GeV/c, due to the optics of the SPL + HKS + HES system. Thus, an energy resolution of about 0.5 MeV (FWHM) was obtained for hypernuclear spectroscopy [19, 21] .
The positions and angles of the K + s and scattered electrons at reference planes in the magnetic spectrometers were measured by particle detectors. This information was converted to momentum vectors at the target position with backward transfer matrices (BTM) representing the optical systems for the SPL + HES and SPL + HKS, respectively, in order to reconstruct the missing mass (M HYP ). Once the missing mass was obtained, the Λ binding energy (B Λ ) was calculated as
, where Z denotes the proton number, and M ( A−1 Z) and M Λ are the masses of a core nucleus and Λ.
The energy scale calibration was performed by optimizing the BTMs of the magnetic spectrometer systems [19] . The BTM optimization is also correlated with energy resolution in the resulting hypernuclear spectra. For the BTM optimization, events of Λ and Σ 0 production from the 0.45-g/cm 2 polyethylene target were used along with events from the production of the 12 Λ B ground state from a 0.0875-g/cm 2 natural carbon target. Systematic errors, which originated from the BTM optimization process, needed to be estimated carefully since the BTM optimization mainly determines the accuracy of the binding energy (B Λ ) and excitation energy (E Λ ) of a Λ hypernucleus. In order to estimate the achievable energy accuracy, a fully modeled Monte Carlo simulation was performed. As a result, it was found that B Λ and E Λ could be determined with accuracies of < 0.09 and < 0.05 MeV, respectively, by this optimization method. Another major contribution to the uncertainty on the binding energy is due to energy-loss corrections for the particles in the target. This contribution was also estimated by the Monte Carlo simulation taking into account the target thickness uncertainty. Finally, the total systematic errors for B Λ and E Λ were estimated as 0.11 and 0.05 MeV, respectively [19, 21] .
An enriched
7 Li target (purity of 99%) with a thickness of 0.208 g/cm 2 was used for the 7 Λ He production. The nominal beam current for the production run of ) defined in Ref. [21] .
axis of ( dσ dΩK ) as defined in Ref. [21] . For the binding energy calculation, the nuclear masses of M ( 7 Li) = 5605.54 and M ( 6 He) = 6533.83 MeV [50] were used. Events from quasifree Λ production were distributed in the region of −B Λ > 0. The distribution of the accidental e ′ K + -coincidence events in the spectrum was obtained by the mixed events analysis [18] . This method provides an accidental coincidence spectrum with high statistics thus reducing the statistical uncertainty caused by background subtraction. Λ He after the accidental e ′ K + -coincidence distribution was subtracted. In order to find peak candidates, a peak search by tests of statistical significance defined as S/ √ S + N was applied. The statistical significance was calculated for each bin of the histogram, and the tests for robustness used several settings of bin size to find peak candidates, taking into account the energy resolution. As a result, two peak candidates were found with peak separations of ≥ 3σ as labeled by #1 and #2 in Fig. 2 . The statistical significance for peak #1 is 7.5σ in a range of −7.0 to −4.0 MeV, which is larger than that of the previous measurement (5.5σ) [18] . The two peak candidates were fitted by Voigt functions (convolution of Gaussian and Lorentzian functions) to obtain B Λ (E Λ ) and the differential cross section for each peak. The fitting results are given in Table I . The en- [18] but with improved uncertainty. For the previous results, the statistical error is smaller since the energy resolution for 7 Λ He spectrum is better whereas the systematic error dominates. In the present result, on the other hand, statistical and systematic errors are balanced, reducing the total uncertainty by optimizing the target thickness and the energy-calibration method. Figure 3 shows the measured Λ binding energies of A = 7, T = 1 hypernuclei with statistical error bars, as compared to a theoretical prediction by a four-body cluster model [39] . Colored boxes on the results of present result seems to favor the energy prediction without the phenomenological CSB potential. This is also the case for the other experimental data in the A = 7, T = 1 system. This comparison suggests that a phenomenological CSB potential needs further consideration. It is possible to introduce a strong odd-state CSB potential in addition to one for the even state in order to make the experiment and theoretical prediction more consistent [39, 51] , although the validity of a strong odd-state interaction can be questioned [52] . It was suggested that the CSB interaction needs inclusion of explicit ΛN -ΣN coupling [31] . It seems clear that further systematic studies, with more precise data particularly for the p-shell hypernuclei are needed.
Peak #2 was obtained at B Λ (#2) = 3.65 ± 0.20 stat. ± 0.11 sys. MeV with a differential cross section of 6.2 ± 0.6 stat. ± 1.1 sys. nb/sr. Figure 4 shows a B Λ comparison between the obtained results and the theoretical predictions [40, 41] [36, 38] , which is the lowest neutron emission breakup, as shown in Fig. 4 . On the other hand, the 2 + state of 6 He, which corresponds to the 3/2 + and 5/2 + states of 7 Λ He, was reported to be 0.824 MeV above the α + n + n energy [38] (E = 1.797 ± 0.025 MeV), meaning that this state is not stable against neutron emission. Therefore, the present result of the peak for the 3/2 + and 5/2 + states in 7 Λ He confirms the Λ gluelike role, making an unbound nucleus bound.
The successful observation of the first excited doublet in 7 Λ He opens a door to study unstable states of light nuclei. For instance, energy-level predictions of the second 2 + state (2 + 2 ) in a neutron-halo nucleus 6 He are largely different depending on models as shown in Ref. [53] . Recently the excitation energy of a 2 + 2 state of 6 He was measured to be E x = 2.6 ± 0.3 MeV with a width of Γ = 1.6 ± 0.4 MeV by the two-neutron transfer reaction p( 8 He,t) 6 He [53] . This measurement would exclude several theoretical models. However, the 2 + 2 energy was derived from a spectral decomposition by fitting to a spectrum in which a few of major states are overlapping because of their large decay widths (Γ = a few MeV).
On the other hand, the 3/2 To summarize, the spectroscopy of Λ hypernuclei was performed with a new magnetic spectrometer system SPL + HKS + HES at JLab Hall C via the (e, e ′ K + ) reaction. A spectroscopic measurement of a neutron rich hypernucleus, 7 Λ He, was performed with an enriched 7 Li target, and the hypernuclear structure was successfully observed with an energy resolution of 1.3-MeV FWHM.
The ground state energy (1/2 + ) of 7 Λ He was determined to be B Λ = 5.55±0.10 stat. ±0.11 sys. MeV, which was consistent with the result of the previous measurement and improved the total error. The Λ-binding energy provides insight into CSB effects of the ΛN interaction by comparison with the bindings of isotopic mirror hypernuclei in the A = 7, T = 1 system ( 7 Λ Li * , 7 Λ Be). Further systematic investigations with better precision, particularly for p-shell hypernuclei, are necessary in order to deepen our understanding of ΛN CSB. The (e, e ′ K + ) reaction at JLab provides a unique method to measure the absolute Λ-binding energies of p-shell hypernuclei or heavier with less than a few 100-keV accuracy.
The first excited doublet (3/2 + , 5/2 + ) in 6 He, which is an unstable state for the α + n + n breakup, becomes stable against neutron-emission breakup once Λ is bound in the nucleus, owing to the additional binding of Λ.
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